Abstract: This article reports on Li self-diffusion in lithium containing metal oxide compounds. Case studies on LiNbO 3 , Li 3 NbO 4 , LiTaO 3 , LiAlO 2 , and LiGaO 2 are presented. The focus is on slow diffusion processes on the nanometer scale investigated by macroscopic tracer methods (secondary ion mass spectrometry, neutron reflectometry) and microscopic methods (nuclear magnetic resonance spectroscopy, conductivity spectroscopy) in comparison. Special focus is on the influence of structural disorder on diffusion.
Introduction
For the investigation of Li self-diffusion in Li containing solids basically microscopic methods [e.g. nuclear magnetic resonance (NMR) spectroscopy] and macroscopic tracer methods (e.g. secondary ion mass spectrometry, not, however, the common radiotracer technique) can be used. Microscopic methods allow the determination of correlation times or jump rates, often for diffusion lengths in the order of some atomic distances, i.e. on the nanoscale. The diffusivity, D, can be calculated indirectly using model assumptions. In contrast, with macroscopic tracer methods it is possible to detect long-range diffusion processes with a large number of jumps. Diffusivities can be determined directly by measuring the diffusion length, d = (6Dt) 1/2 , (t: time) which is the average displacement of atoms during the diffusion event. The comparison of both types of methods on the same material will give synergetic information and a comprehensive picture on diffusion properties, especially if they are applied on the overlapping time and length scales of the diffusion process.
Fast Li diffusion processes in solids, generally taking place in ion-conductors, are routinely studied in literature due to their importance for battery materials. In contrast, slow diffusion processes are investigated less often (references see below). Nevertheless, they are likewise of fundamental interest in order to obtain a coherent general view. A classic example is the occurrence of slow collective migration of several atoms in disordered solids. Differences in diffusion behavior on long time scales in comparison to short time scales will indicate important changes of the diffusion mechanism. In addition, the study of slow diffusion processes is important for understanding materials' stability. Self-diffusivities determine the intrinsic stability of metastable materials like glasses or nanocrystalline materials (crystallization, grain growth, structural relaxation). In this context, diffusion on short length scales of some nanometers is of special interest due to the given structural peculiarities. In the present paper, the study of the influence of structural disorder on diffusion was also attributed to the question: how differs diffusion in solids with the same chemical composition but with a different structural state/type of order? Comparative experiments on amorphous, nano-crystalline and single crystalline samples will elucidate how diffusion can be accelerated or slowed down by structural modifications in view of applications in solid electrolytes and materials stability.
For the determination of slow diffusivities in solids by macroscopic tracer methods, secondary ion mass spectrometry (SIMS) and neutron reflectometry (NR) are well suited and applied in this study. In combination, diffusivities between 10 −15 and 10 −25 m 2 /s at diffusion lengths of 0.5 nm to several mm can be determined [1] . A method which can reveal diffusion processes on the microscopic length scale and which can also very well be used to study slow diffusion processes is spin-alignment echo-NMR (SAE-NMR) [2] [3] [4] . Here, diffusivities down to 10 −20 m 2 /s at diffusion lengths of 1 nm can be detected [5] [6] [7] . In addition, impedance/conductivity spectroscopy which depending on the measuring frequency yields information on the long-range ion transport or local ion hopping [8] , was applied for comparison. As model systems lithium metal oxides like LiNbO 3 , Li 3 NbO 4 , LiTaO 3 , LiAlO 2 , and LiGaO 2 were investigated as case studies.
Investigations on self-diffusion in Li containing solids were done in recent years nearly exclusively by NMR methods including beta-NMR and muon-spin spectroscopies [2, [9] [10] [11] [12] [13] [14] [15] which allow a characterization of fast as well as slow, generally short-range diffusion processes. In addition, conductivity measurements were done for an indirect characterization of diffusion [13, 16] . Tracer experiments are nearly completely lacking. This is due to the fact that suitable radioactive tracers are not available and the natural abundance of the stable Li isotopes is high (see below). Consequently, in literature only some special publications can be found. There are experiments based on the radio tracer method using the prompt alpha-decay following the beta-decay of the short-lived isotope 8 Li (t 1/2 = 0.84 s) [17] . Such elegant experiments are, however, of low significance for slow diffusivities due to the limited annealing time period available. Investigations with the stable 6 Li tracer were done with SIMS [18] [19] [20] [21] . In this context, also chemical diffusivities were measured [18] .
The experimental investigation of Li diffusion in inorganic materials by NR is a relatively new topic. Literature work is mainly on the investigation of selfdiffusion in thin metallic, semiconducting and ceramic films in form of isotope multilayers [1, [22] [23] [24] [25] [26] . One of the main achievements of the present work was to implement an improvement of the classical multilayer technique [27, 28] , where self-diffusion in bulk materials was measured by NR for the first time and to transfer the method to the application to lithium.
The present article reviews already published research of the authors on the topic discussed above and gives additional new results. The latter are clearly indicated throughout the paper.
Experimental

Tracer methods
In general, self-diffusion experiments using Li tracers are connected with a variety of analytical problems. First of all, for lithium no suitable (long-lived) radioactive tracers are available for the performance of extensive diffusion measurements. This prevents the use of the standard radiotracer technique, which is state-of-the-art in diffusivity determination in metals or intermetallics due to its high detection sensitivity [29] . To circumvent this problem, it is necessary to use rare stable isotopes. Lithium has two stable isotopes: 6 Li with a natural abundance of 7.5 % and 7 Li with an abundance of 92.5 %, where 6 Li can be used as a 'rare' stable tracer.
In general, a classical tracer experiment is done in the following way: (i) Deposition of the 6 Li tracer on top of or into the sample under investigation, (ii) diffusion annealing for the thermally activated motion of Li ions into the solid, (iii) analysis of the initial and modified time and space dependent 6 Li concentration by appropriate analytical tools (creation of isotope depth profiles), and finally (iv) least-squares fitting of the 6 Li profiles with appropriate solutions of the diffusion equation using adequate boundary conditions.
For lithium self-diffusion experiments in lithium containing solids with stable isotopes problems arise due to the relatively high natural abundance of 6 Li isotopes of 7.5 %. This considerably decreases the detection sensitivity of the tracer within a solid with natural isotope composition under investigation and it is hard to detect concentration changes of 6 Li by diffusion, due to the relatively high natural abundance. Consequently, for classical tracer deposition methods like ion implantation or the deposition of a thin lithium layer on top of the surface, the natural isotope background of the sample under investigation is often too high. The Li tracer in low concentrations is simply not detectable. On the other hand, the use of higher amounts of tracer leads to chemical inhomogeneities, which will result in unwanted chemical diffusion. Another possibility, tracer deposition by ion-implantation in high doses has also the consequence of a strong distortion of the structural state and of the point defect equilibrium of the sample up to unwanted amorphisation. Tracer deposition from a 6 Li enriched gas phase via 6 Li/ 7 Li gas-exchange might be limited by surface exchange processes (transfer of atoms across the gas/solid interface).
A well suited technique of tracer deposition in lithium containing solids is the use of isotope heterostructures [30] [31] [32] [33] . There, on top of a bulk crystal or a thin film of a material with natural isotope composition under investigation Li x A (A: arbitrary species or combination of species; x: relative lithium fraction), a material of identical or almost identical chemical composition is deposited, which, however, is enriched with 6 Li. This gives a structure of 6 Li x A/Li x A. For the deposition of several nanometer thin 6 Li x A layers ion beam sputtering is used as described in [34] . The sensitivity of the method is enhanced if the sample to be investigated is also isotope enriched, but with 7 Li. Then, 6 Li x A/ 7 Li x A structures are formed.
During diffusion annealing, interdiffusion of the two stable Li isotopes takes place without a modification of the homogeneous chemical composition of the structure. Consequently, pure tracer self-diffusion is measured. For long annealing times, the 6 Li tracer penetrates deeply into the material under investigation.
For a derivation of the diffusivity, the 6 Li concentration or atomic fraction is determined as a function of depth by SIMS or NR.
Secondary ion mass spectrometry (SIMS)
After tracer deposition first the 6 Li isotope mole fraction of the as-deposited sample, c 0 (x), is measured by SIMS as a reference. After annealing the initial mole fraction is modified to c(x,t), where x is the space coordinate and t the annealing time. Classical 6 Li isotope mole fractions as obtained by SIMS analysis during annealing are shown in Figure 1a for the case of LiNbO 3 . The penetration of the tracer into the sample with increasing annealing time due to diffusion is clearly visible. The depth profiles are fitted by solutions of Ficks second law, choosing adequate starting and boundary conditions [35] , depending on the spatial extension of the tracer layer as given by c 0 (x). Typical examples are the thin film solution and the thick film solution [see Equation (1)]. A parameter, R, describing the "broadening" of the initial profile, R 0 , during annealing is extracted by a least-squares fitting procedure. This allows one to determine the diffusivity due to
In case of the example given in Figure 1b , the solution is
where c ∞ is the natural abundance of 6 Li in the sample and h the original thickness of the as-deposited tracer layer. SIMS investigations were carried out using 6 Li as a function of depth for a 6 LiNbO 3 (30 nm)/LiNbO 3 (single crystal) structure annealed at 523 K or 1, 13.8 and 62.5 h. (b) Atomic fraction of 6 Li as a function of depth after annealing at 473 K for 34 days. A least-squares fit of Equation (1) to the experimental data is also indicated [34] -reproduced by permission of the PCCP Owner Societies.
a "Cameca ims 3f/4f" machine. Due to electrical charging during the measurements, we used an O − primary ion beam (15 keV, 50 nA). The sputtering area was of 250 × 250 μm 2 . For analysis of the isotopes in a double-focused mass spectrometer, the signal resulting from an area of about 60 × 60 μm 2 in the center of the sputtering area was used to exclude crater-edge effects.
The secondary ion intensities of the two lithium isotopes, I(
) and I(
, were recorded as a function of sputter time in depth-profiling mode. Since the two lithium isotopes are chemically identical (neglecting the small isotope effect), for diffusion analysis, the intensity of the signals was converted into 6 Li atomic fractions c according to 6 6 7 ( Li) ( Li) ( Li)
Depth calibration of each sputter crater was realized by measuring the depth with a mechanical profilometer (Tencor, Alphastep).
Neutron reflectometry (NR)
For diffusion studies by NR the sample was composed of a commercial single crystal where a 50 nm thick amorphous 6 LiNbO 3 layer was sputter deposited on top. During NR measurements (specular mode) a beam of neutrons is directed on the sample surface at small incident angles, which is reflected at interfaces between layers with different neutron scattering length densities. These are the isotope interface between 6 LiNbO 3 /LiNbO 3 and the surface. Due to interference effects, typical reflectivity patterns are measured, as shown in Figure 2a , where the reflectivity R (the number of incoming neutrons divided by the number of reflected neutron) is plotted as a function of the scattering vector q z = 4π/λ sin(θ). Figure 2a gives an example for a sample in the as-deposited state and after diffusion annealing in comparison. The differences in the two patterns are clearly visible. In order to derive diffusivities, the reflectivity patterns were computer modeled and least-squares fitted by the parratt32 [36] software tool [28] . This results in a scattering length density (SLD) profile based on a layer model as shown in Figure 2b . The SLD of the annealed sample which is dependent on the mole faction of 6 Li clearly indicates diffusion into the bulk sample. Due to the fact that no chemical gradients are present, the tracer diffusion of Li into the single crystal is monitored. Diffusivities are again extracted by comparing initial and diffused state. Due to the complexity of the analysis and for a deepened understanding it is referred to Ref. [28] for further reading. The NR method described allows to determine diffusion lengths in the range between 1 and 10 nm, i.e. diffusion on the nanoscale, similar to microscopic methods such as NMR.
Ionic conductivity measurements
When measuring the ionic conductivity σ of a material with a direct current (dc) applied a reservoir of the conducting ionic species is needed as an electrode on both sides. In case of the slow Li conductors discussed here this ideal setup is in conflict with other boundary conditions, e.g. the need for high temperatures above the melting point of elementary Li and an oxidizing atmosphere preventing additional oxygen deficiency in the material. On the other hand, by using non-Li electrodes the ions are blocked at the interface to the sample material. This effect can be mitigated by regularly changing the polarity, i.e. an alternating current (ac) measurement setup, which effectively leads to probing the material over a wide frequency range.
The impedance measurements were carried out using polished samples contacted with ion blocking Ag electrodes which were kept in an oxidizing atmosphere, i.e. air, while they were heated in the cell. For the typical frequency range from 10 mHz to 1 MHz the regime of the characteristic so-called dc plateau and the dispersive regime could be recorded, as well as the reduction of the conductivity at low frequencies due to the ionic blocking effects mentioned. The dc plateau The space coordinate is set to zero at the film/crystal interface. The diffusion length of the annealed sample is 2.5 nm (for details see also [28] ).
represents the long-range conductivity of the material as neither the ionic blocking effect nor dispersive behavior significantly contribute to its value.
Since low-conductivity materials were probed, the samples were only heated, but not cooled in order to adjust their conductivities to the sensitivity range of the impedance analysers (<10 −7 S), leading to a temperature range between room temperature and up to about 950 K. Thus, roughly eight orders of magnitude in the conductivity could be covered by the measurements [37] .
7
Li NMR spectroscopy NMR spectroscopy allows contactless probing of the Li motion in the sample material. Depending on the temperature and therefore the ionic hopping rate several NMR techniques sensitive to different time windows of the Li motion can be used. Here, 7 Li spin-lattice relaxation NMR (SLR-NMR), 7 Li spin-alignment echo NMR (SAE-NMR) and motional narrowing analysis of solid state 7 Li NMR spectra were applied [38] .
In SLR-NMR transients of the relaxation of the perturbed longitudinal magnetization of the probe nuclei ensemble are recorded. The temperature dependence of the relaxation rates T 1 −1 shown by the transients gives access not only to the activation energy of the short-range and the long-range ionic motion, respectively, but also to the absolute correlation rates τ −1 of the motion, which can be identified as the ionic hopping rate. In SLR-NMR different models exist for the shape of the characteristic T 1 −1 rate peak that also take into account the dimensionality of the motion [12, 39, 40] . As the peak appears around the temperature where the correlation rate is similar to the Larmor precession frequency induced by the external magnetic field, SLR-NMR is mainly applicable at high temperatures.
A more direct, i.e. model independent NMR technique is SAE-NMR [5, 7] . It is based on the idea of a solid-echo pulse sequence where the second 90° pulse is "split" into two 45° pulses by a mixing time t m . This sequence is known as the Jeener-Broekaert-pulse sequence [41] . It has been shown that the decay rate of the echo amplitude with t m can be identified with the ionic hopping rate of the nuclear probe. In fact, the hopping of 7 Li has proven to be well accessible with SAE-NMR in the range 1 s −1 to 10 4 s −1
, corresponding to slow motion in the lowtemperature regime [42, 43] . Static 7 Li NMR spectra of most materials suffer from strong dipolar broadening due to the high dipolar moment of the 7 Li nucleus. Yet, the effect of Li motion can be studied qualitatively. The full width at half maximum value of the dominant central resonance (m = 1/2 ↔ m = −1/2 transition) shows a characteristic temperature dependence according to which it decreases from the so-called rigid-lattice width of typically a few kHz to only a fraction of that width in the temperature regime of extreme narrowing over a range of several hundred K. The actual residual line width is determined by the inhomogeneity of the external magnetic field. The temperature dependence of the motionally induced averaging of the dipolar interaction between the nuclei can be fitted with a suitable model yielding an estimation of the activation energy of the hopping rate of the interacting nuclei [44] .
For the slow Li conductors studied here the combination of the presented NMR techniques can typically be applied in a temperature range from room temperature to several hundred Kelvin giving access to diffusion parameters over several orders of magnitude.
3 Case studies -results and discussion
Lithium niobate
Lithium niobate (LiNbO 3 ) single crystals are one of the most technologically important synthetic oxides in science and technology due to their ferroelectric, photorefractive, piezoelectric, acousto-optical, and non-linear optical properties [45] [46] [47] . The investigation of Li self-diffusion and defect structure especially at low temperatures is important for various applications [48] .
Crystalline LiNbO 3 exhibits a wide solid solution region between 44 mol% and 50.5 mol% Li 2 O [49] . Single crystals commonly produced by the Czochralski method [50] show the congruent composition of about 48.6 mol% Li 2 O. However, using the vapor transport equilibration method the synthesis of near stoichiometric crystals is also possible [51] . Composition changes of Li 2 O within the solid solution range from the lithium-poor to the near stoichiometric composition result in significant changes of physical properties [52, 53] . These changes are expected to be in large parts the result of defect clusters, which are also responsible for the non-stoichiometry. For the realization of the congruent composition, the most reliable model consists of a niobium antisite atom which is compensated by four lithium vacancies, which can be written in Kröger-Vink notation as [54] [55] [56] Up to now, diffusion experiments on LiNbO 3 were done mainly by nuclear magnetic resonance (NMR) studies and also by impedance spectroscopy [2, 13, [57] [58] [59] [60] [61] [62] [63] , while most of the data are limited to the high-temperature range above 880 K. There, diffusion is very fast and the defect complexes are destabilized.
The results on Li diffusion presented in this section were already published as indicated and are reviewed here. We investigated Li self-diffusion in congruent single crystals (48.6 % Li 2 O) close to room temperature between 379 and 523 K by NR [27, 28] , between 423 and 773 K by SIMS [34] and between 473 and 1073 K by impedance spectroscopy [37] (conversion of conductivity by the Nernst Einstein equation). SAE-NMR measurements were not possible due to the very low ionic mobility. The results are in excellent agreement with each other (see Figure 3) . This demonstrates that Li alone may account for the overall electric conductivity in that range. The diffusivities can be described by the Arrhenius law with an activation enthalpy of 1.33 eV, which is interpreted as the migration energy of a single Li vacancy [34] . A deviation from the Arrhenius behavior at the lower end of the temperature scale, e.g. due to defect cluster formation was not observed. The activation energy is lower than that found in the high temperature range by SIMS experiments by about 30 % [64] . This can be explained by the fact that above 773 K significant vacancy formation according to the reaction
... V may take place. The activation energy is then given by the sum of the migration enthalpy and the formation enthalpy. The diffusivities of (110) and (001) oriented single crystals are identical, proving the existence of a three-dimensional diffusion mechanism [65] .
Results of SIMS measurements on near-stoichiometric (49.9 % Li 2 O) LiNbO 3 single crystals (see also Figure 3 ) show diffusivities which are about one order of magnitude lower compared to the congruent LiNbO 3 , while the activation energy is identical within error limits. This result is in agreement with the assumption of a + ′ Li Li .... (Nb 4 ) V defect structure in order to explain off-stoichiometry [64] . The higher diffusivities of the congruent sample compared to the near-stoichiometric samples is simply due to a higher Li vacancy concentration. Details and more data can be found in [48] .
In order to study the influence of structural disorder, SIMS experiments on amorphous lithium niobate films produced by ion-beam sputtering, were carried out between 293 and 423 K (see Figure 4) [66, 67] . Compared are samples which show a ratio of Li:Nb < 1 (Li-poor) and of Li:Nb >1 (Li-rich) in analogy to the stoichiometric composition of Li:Nb = 1 for crystalline LiNbO 3 . The diffusivities of amorphous lithium niobate obey also the Arrhenius law with an activation enthalpy of 0.70 eV and 0.84 eV [66] , respectively. The results show that the diffusivities of both types of amorphous samples are significantly (up to 10 orders of magnitude) higher than the diffusivities of the single crystal. This tremendous difference is traced back to the considerably lower activation energy of the amorphous samples. This is due to a lower packing density of the ions in the amorphous state and a lower mass density. The diffusivities of the amorphous samples containing a higher amount of Li are lower by a factor of about two to five. This demonstrates that a variation of the Li content in amorphous samples over the stability range of the crystalline LiNbO 3 phase has only a modest influence on diffusivities and activation enthalpies. It is noted that a detailed comparison of the Li ion conductivities in the different structural forms of LiNbO 3 as model system, comprising nanocrystalline, amorphous as well as micro-and single-crystalline LiNbO 3 , showed an overall behavior very similar to Figure 4 ( [7] , cf. 
Lithium orthoniobate
In order to investigate Li diffusion in a Li-rich compound in the system Li-Nb-O and to compare the results to those of LiNbO 3 we investigated the hitherto Li ion dynamics in Li 3 NbO 4 . The results are reported here. Two single crystals were grown via the Czochralski method at Institut für Kristallzüchtung, Berlin, Germany. One crystal was used for impedance spectroscopy measurements, the second crystal was cut into two pieces and used for NMR (crushed) and SIMS experiments, respectively. The part of the crystal used for SIMS was further cut into several small pieces and each investigated at different temperatures and/or annealing times.
The results are shown in Figure 5 . As obvious, the different NMR methods are in good agreement to each other (activation energy 0.96 eV) but give significantly lower values than diffusivities derived from impedance spectroscopy (activation energy 0.71 eV), while the activation energy of the latter is lower. The results from SIMS (each data point from a different measurement) show a considerable scatter, but are mainly located in-between the data obtained by NMR and impedance measurements. Using SIMS data for a least-squares fit, an activation energy of 0.96 eV is obtained in agreement with the NMR data. This result can be explained by the fact that each part of the crystal has a different diffusivity varying up to two orders of magnitude. This assumption is supported by XRD measurements which show a strongly differing crystal orientation between the different parts investigated and also by EDX measurements which indicate different impurities (e.g. Mn content between 0.02 and 0.18 wt.%), however, in a non-systematic way. This means no homogeneous and pure single crystal was analyzed but more likely some type of polycrystal with an inhomogeneous distribution of impurities over the grown sample influencing diffusion. Consequently, the diffusivities in Li 3 NbO 4 cannot be given exactly, only a range is obtained. The diffusivities are in average six orders of magnitude higher than in LiNbO 3 , making the material interesting as an ion conductor. The activation energy is considerably lower.
Lithium tantalate
Lithium tantalate (LiTaO 3 ) has the same crystal structure as LiNbO 3 and is also used for applications in the field of optics and photonics [52] . Figure 6 shows new unpublished results of Li tracer diffusion measurements on (001) oriented single crystals and amorphous sputter layers in comparison to lithium niobate, as discussed above. The aim was to compare diffusion in materials with the same crystal structure but with different melting points and lattice parameters. In addition, it should be elucidated whether the substitution of Ta for Nb changes diffusion properties. As obvious, the diffusivities are very close to each other, possibly slightly lower than the corresponding results on lithium niobate. On first sight this is astonishing, because the two types of materials have different mass densities, melting points and lattice parameters. However, the Li ion density of 1.9 × 10 22 cm −3 is also identical. This means Li-Li ion distances are similar. Further, the ionic radii of Nb and Ta are identical [68] . Consequently, the activation energies necessary for a Li jump are expected to be also similar and diffusion is taking place by nearly the same diffusivities. The same is true for the amorphous modification, emphasizing the fact that Li is migrating in a relatively robust and immobile skeleton of Nb(Ta)-O. For comparison with earlier results on the conductivities of micro-and nanocrystalline LiTaO 3 see Ref. [69] .
Lithium aluminate
Lithium aluminate (LiAlO 2 ) is an important metal oxide for applications as a substrate and matching material for the epitaxial growth of semiconductors in light emitting diodes [70, 71] , in nuclear technology as blanket material [72, 73] and finally as an additive in polymer electrolytes [74] , as inert electrolyte support material in molten carbonate fuel cells [74] , and as coating material for electrodes in Li-ion batteries [75] . For all of these applications, the diffusivity of Li close to room temperature is an important factor for the design, stability and performance of LiAlO 2 based devices.
Crystalline lithium aluminate occurs in several different structural modifications, which are mainly established as high pressure phases [76] . At ambient pressure the tetragonal γ-LiAlO 2 phase (P422, a = 5.169 Å, c = 6.268 Å, ρ = 2.61 g/cm 3 ) [77] is stable. This phase can also be produced commercially as a single crystal. Since the 1980's fundamental investigations on γ-LiAlO 2 polycrystals were done by dc conductivity measurements and NMR which are summarized in [78] . In different studies, a low activation enthalpy of 0.7-0.8 eV at temperatures below 1036 and a higher activation enthalpy of 1.0-1.3 eV at temperatures above 1063 K were found [79, 80] . While the first one was attributed to extrinsic diffusion, the second one was interpreted with intrinsic diffusion behavior. More recent dc conductivity studies [81] found the higher activation enthalpy also at lower temperatures and in single crystals, while NMR on the same types of samples give a broad spectrum of activation enthalpies between 0.7 and 1.12 eV for different NMR methods [81] . This indicates that different Li jumps are probed. A quite recent study on microcrystalline γ-LiAlO 2 [82] with nearly the whole arsenal of NMR methods including SAE and SLR in the rotating reference frame, which are sensitive at low temperatures, as well as impedance spectroscopy consistently, yielded an activation energy of 0.7 eV.
The results on Li diffusion presented in this section were again already published as indicated and are reviewed here. We carried out an investigation of Li diffusion in γ-LiAlO 2 single crystals by combining SIMS and impedance spectroscopy as well as neutron powder diffraction and theoretical calculations [78] . In this study, an activation energy of 1.1-1.2 eV between 373 and 673 K was found from the first two methods in excellent agreement (see Figure 7) . From neutron diffraction data, both on the powder and independently on a single crystal [84] , a strongly curved diffusion path between adjacent Li positions was deduced. A migration barrier of 0.72 eV was identified and attributed to a vacancy mechanism [78] . The resulting very low vacancy formation energy of only 0.48 eV is traced back to the fact that mobile defects are not generated from ideal domains but from preformed structural defects (twin boundaries, small amounts of dopants) [78] .
In addition, there are recent measurements on lithium self-diffusion in amorphous lithium aluminate layers as prepared by ion-beam sputtering (Figure 7) . The samples were characterized between room temperature and 473 K [83] . Diffusion profiles were analysed by SIMS. The results show that the diffusivities obey the Arrhenius law with an activation energy of 0.94 eV. This value is not much different from the activation energy of 1.20 eV found for LiAlO 2 single crystals by SIMS and explains the only modest enhancement of diffusivities in amorphous lithium aluminate by three to five orders of magnitude in the temperature range studied, when compared e.g. to the lithium niobate system.
Lithium gallate
Finally, we carried out investigations of Li diffusion in β-LiGaO 2 single crystals. This compound has attracted interest due to the fact that it is a lattice-matching substrate currently being considered for GaN heteroepitaxy, which offers distinct advantages toward growth of high quality GaN [85] . It is also a promising latticematching substrate for heteroepitaxy of ZnO [86] and InN [87] .
In contrast to γ-LiAlO 2 , single crystals are available in an orthorombic wurzite-like structure (Pna2 1 , a = 5.402 Å, b = 6.372 Å, c = 5.007 Å, ρ = 4.19 g/cm 3 ) [88, 89] . The (001) oriented crystal was obtained from the Leibniz-Institut für Kristallzüchtung, Berlin (Germany). In Figure 8 about four orders of magnitude compared to the single crystal, the activation enthalpies are quite similar. Values of (1.04 ± 0.1) eV are found for the single crystal and (0.83 ± 0.04) eV for the amorphous film, respectively, leading to an only modest enhancement of diffusivities in the latter structure. The absolute values of the diffusivities are lower by one order of magnitude in the lithium gallate system than in the lithium aluminate system for single crystals and amorphous films.
NMR experiments have been carried out on polycrystalline β-LiGaO 2 samples prepared from solid-state synthesis (ss-) and from powdered single crystals of β-LiGaO 2 (cr-) [90] . While the ss-LiGaO 2 sample had an average particle size of 5μm, cr-LiGaO 2 consisted of particles of 100 μm of average size. The surface defect concentration is expected to be higher for ss-LiGaO 2 . These differences are also reflected in the 7 Li NMR spin-lattice relaxation behavior but both samples show NMR signatures corresponding to single crystallographic sites for Li and Ga. The ss-LiGaO 2 sample was used to study the motional narrowing behavior of the 7 Li central transition signal. A motional narrowing representing all Li ions in the system did not occur in the measurement temperature range (293-473 K). However, a small portion of Li ions in the system participated in a localized dynamic process. This was reflected as a partial averaging of the Li-Li dipolar interaction, representing only a small fraction of the total Li ions involved in a to-and-fro jump process [90] .
Further, an analysis using 7 Li SAE experiments to probe slow dynamic modes in the system was done. The ss-LiGaO 2 system showed Arrhenius type behavior of slow Li ionic jump rates between 373 and 448 K. The slope of the linear fit yielded a very low activation energy of 0.13 eV only, in contrast to the SIMS measurements at higher temperatures. This indicates the presence of a localized dynamic process or a to-and-fro jump process of the probed species. For comparison, the SAE experiments were also done on the cr-LiGaO 2 system in the same temperature range. The ionic jump rates obtained here were in the same order as in the case of ss-LiGaO 2 (10 0 …10 1 s −1 ), but the activation energy was higher (0.40 eV). However, γ-LiAlO 2 and β-LiGaO 2 are considered to have similar dynamic properties despite of their differences in structure. An activation energy of 0.40 eV in the case of LiGaO 2 is smaller than that observed for LiAlO 2 (0.70 eV). Therefore, this could also be an indication of a localized jump process in cr-LiGaO 2 [90] .
In short, the overall ion diffusion processes in the LiGaO 2 system, observable with NMR methods, can only be activated at temperatures above 473 K. However, measurements at temperatures below allow one to monitor localized (to-and-fro) ion jump processes involving a small fraction of the total Li ions only.
Conclusion
In conclusion, experimental investigation of Li self-diffusion in various lithium containing metal oxides (LiNbO 3 , Li 3 NbO 4 , LiTaO 3 , LiAlO 2 , and LiGaO 2 ) were carried out by secondary ion mass spectrometry and neutron reflectometry as well as nuclear magnetic resonance spectroscopy and impedance spectroscopy. The results revealed that a combination of macroscopic tracer methods and microscopic methods give a comprehensive insight into slow diffusion processes, especially for materials with different structural disorder.
